The Raman spectroscopy method was used for structural characterization of TiO 2 thin films prepared by atomic layer deposition (ALD) and pulsed laser deposition (PLD) on fused silica and single-crystal silicon and sapphire substrates. Using ALD, anatase thin films were grown on silica and silicon substrates at temperatures 125-425 • C. At higher deposition temperatures, mixed anatase and rutile phases grew on these substrates. Post-growth annealing resulted in anatase-to-rutile phase transitions at 750 • C in the case of pure anatase films. The films that contained chlorine residues and were amorphous in their as-grown stage transformed into anatase phase at 400 • C and retained this phase even after annealing at 900 • C. On single crystal sapphire substrates, phase-pure rutile films were obtained by ALD at 425 • C and higher temperatures without additional annealing. Thin films that predominantly contained brookite phase were grown by PLD on silica substrates using rutile as a starting material.
Introduction
Metal oxides comprise compounds that have been widely studied because of their important applications. For instance, in the last 5-6 years, oxides with wide band-gap and high dielectric constant, known as high-k oxides [1] [2] [3] [4] [5] , have attracted great attention in the electronic industry. High-k oxides, such as Al 2 O 3 , HfO 2 , ZrO 2 , and TiO 2 , are widely used in optical devices as well [6] [7] [8] . In addition, these oxides have been applied in chemical sensors developed for monitoring the composition of gaseous [9] [10] [11] or liquid [12] environments. Furthermore, TiO 2 can be used as a (photo-) catalyst for removing pollutants from water [13] [14] [15] [16] , for producing hydrogen from water [17] , and in solar cells [18] . The last applications mentioned here are directly related to environmental technologies. However, there are also applications of oxides that have indirect positive effect on the environment. This effect is due to relatively harmless starting materials needed for synthesis of these materials. For instance, metal chlorides or iodides combined with water vapor [19] [20] [21] [22] [23] [24] [25] [26] or oxygen [27] can be used as precursors to prepare thin oxide films. By contrast, highly toxic AsH 3 , H 2 Se, and H 2 S are often the starting materials for the synthesis of III-V and II-VI compounds used in electronic and optoelectronic devices. Thus, the investigation of oxides could also be aimed at replacement of some III-V and/or II-VI semiconductor compounds in electronic applications. Earlier studies [28] [29] [30] have demonstrated that in the future this replacement could become possible, at least in some specific fields.
It is well known that electronic properties and catalytic activity of a material depend on its crystal structure [9, [13] [14] [15] 17] . For many oxides, the control of the phase composition is not a trivial task, however. For instance, TiO 2 , a very promising material for a number of applications, can be stabilized in the amorphous phase [13, 20, 21, 23] and at least five crystalline phases. Anatase [9, 13-15, 17, 19-21, 23-28] and rutile [19] [20] [21] [24] [25] [26] [27] are the crystalline phases that are usually formed at normal and low pressures. In addition, brookite has been observed in TiO 2 single crystals [31] , powders [31] , and thin films [32] at normal conditions. Finally, the orthorhombic TiO 2 -II and monoclinic, baddeleyitetype modifications of TiO 2 can be obtained at high pressures while the TiO 2 -II phase, once formed, can be quenched at normal pressure [33] .
In a catalytic application, the anatase phase of TiO 2 has been shown to have advantages over the rutile [14, 15, 17] and amorphous [13] phases. It has also been reported that the anatase phase shows superior properties in sensor applications [9] . Thus, the controllable formation of this phase and improvement of its stability is of great interest. In this work we investigate the phase composition of TiO 2 thin films prepared by atomic layer deposition (ALD) and pulsed laser deposition (PLD) methods. We demonstrate that, using the ALD method, the anatase thin films can be grown at relatively low temperatures and, in some cases, the phase is stable at temperatures up to 900
• C. In addition, we show that TiO 2 thin films containing a significant amount of the brookite phase can be deposited by PLD. For the structural studies we used the Raman spectroscopy (RS) method, which shows higher sensitivity to the crystalline phases of TiO 2 than the X-ray diffraction (XRD) method does.
Experimental
The films studied in this work were deposited using the ALD and PLD methods. ALD films were grown in flow-type reactors from vapors of TiCl 4 and H 2 O [21, 23, 24] . To deposit the films, the substrates were alternately exposed to TiCl 4 and H 2 O that were carried to the reaction zone in the flow of nitrogen. The exposure times were varied from 0.2 to 2 s. In order to ensure layer-by-layer growth, the reaction zone was purged with nitrogen after each precursor pulse. The purge periods ranged from 2 to 5 s. The substrate temperatures used for deposition ranged from 125 to 680
• C. The thicknesses of the films studied in this work ranged from 100 to 590 nm. Other details of the ALD processes used, and some parameters of the thin films deposited (for example, growth rate and dependence of the surface roughness on the deposition temperature), are described in our earlier reports [21, 23, 24, 34, 35] . PLD was carried out under an oxygen pressure of 10 −3 mbar using a KrF excimer laser with a wavelength of 248 nm and pulse frequency of 10 Hz. The energy density of the laser pulse was 2 J/cm 2 . A rutile pellet was used as a target. The PLD apparatus and process parameters used have been described elsewhere in more detail [36] .
The Raman spectra were recorded in a back-scattering geometry by using a homemade micro-Raman spectrometer. The set-up consists of a confocal microscope with 50x objective, a Nd 3+ :YAG laser with an operation wavelength of 532 nm, a notch filter for removal of scattered laser light, and a spectrometer with a Peltier-cooled CCD detector.
In order to investigate the chemical composition of the films, the electron-probe microanalysis (EPMA) method was used. Detailed descriptions of the method, as well as its application for analysis of TiO 2 thin films measurements, have been published in earlier papers by Sammelselg et al. [34, 37] .
Results and discussion
Figures 1 and 2 show Raman spectra of 100-nm-thick TiO 2 films grown by ALD on fused silica substrates at temperatures ranging from 100 to 680
• C.
In the Raman spectra of films deposited at 100 and 125 • C, some weak features can be found in the background of the strong spectrum of fused silica substrate. These features, which can be assigned to the amorphous phase of TiO 2 , comprise two very broad and weak bands in the vicinity of 170 and 610 cm −1 (Fig. 1) . The weak Raman scattering in these films is obviously related to the low phonon density of states in the amorphous phase. The increase of the growth temperature to 150
• C results in crystallisation, evidenced by appearance of the anatase peak at 144 cm −1 (Fig. 1) . This peak is known as a very sensitive probe of the anatase phase in TiO 2 films. Therefore its relatively low intensity in the spectra of films grown at 150 and 175
• C indicates that there are only minor amounts of anatase in these films.
With the increase of the growth temperature to 200
• C, the intensities of anatase peaks increase significantly and reach levels that do not vary markedly with the further increase of growth temperature up to 500 • C (Fig. 2) .
Nevertheless, the films deposited at 500
• C already contain some traces of the rutile phase. A significant increase in the amount of rutile can be observed in the films with the increase of growth temperature to 600-680 • C. Correspondingly, a decrease of the intensities of anatase lines appears in the spectra of these films. However, in all these films a marked amount of anatase phase was observed. By contrast, in the films grown on single crystal r-cut sapphire (α-Al 2 O 3 ) substrates, the rutile phase can already be detected at 275
• C (Fig. 3 ).
In the spectra of these films, intense peaks of α-Al 2 O 3 substrate overlap anatase and rutile bands. Fortunately, broader anatase and rutile bands in spectra can be distinguished from the substrate features, and the changes of the phase composition with increasing deposition temperature can be easily observed. As readily seen, the rutile concentration markedly increases with the increase of growth temperature from 275 to 350 • C, and phase-pure rutile can be obtained at 425
• C (Fig. 3) . Further increase of the deposition temperature up to 680
• C causes no changes in the phase composition of these films. This result is consistent with earlier XRD and reflection high-energy electron diffraction (RHEED) data, which have shown that phase-pure rutile films can be epitaxially grown on sapphire substrates at 425
• C and higher temperatures [25] .
The Raman spectra of TiO 2 films grown by ALD on single crystal silicon substrates (for example, the lowest curve in Fig. 4) are very similar to the spectra of films deposited with the same process parameters on fused silica substrates. In both cases, the anatase phase was predominantly formed at deposition temperatures 150-500
• C. When comparing our present Raman studies with earlier XRD studies of TiO 2 thin films grown by ALD on silicon and fused silica substrates [20, 25] , one can see a significant difference. XRD measurements have revealed very low amounts of crystalline phases in the films that were grown at 425-500 • C and evidently contained the anatase as well as rutile phase. However, the crystallinity of these films was comparable to that of phase-pure films, according to our present Raman studies. A possible explanation for this difference is that the crystallites are smaller in the films containing both anatase and rutile phases and larger in the films containing only the anatase or rutile phase. As XRD is more sensitive to the long-range order than RS is, the decrease of crystallite sizes influences the XRD patterns to a greater extent than the Raman spectra.
The results of experiments also demonstrate that the crystallinity of films deposited by ALD, even at 500
• C, can be improved using post-growth annealing. As can be seen in Fig. 4 , annealing of the films in the air at 700
• C for 1 hour leads to a marked increase in the intensities of anatase Raman peaks. Nevertheless, this annealing does not cause structural transformations to other crystalline phases. The transformation from anatase to rutile appears at 750 • C (Fig. 4) . No traces of anatase phase can be seen in the films after annealing at this temperature for 1 hour. Our studies also demonstrated that the phase transformation from anatase to rutile was sensitive to the initial structure of the thin films. Using a substrate pre-treatment method developed earlier [23] , we deposited an anatase film on a fused silica substrate at a temperature as low as 125
• C (as-grown anatase film in Fig. 5 ).
At the same temperature, an amorphous film was deposited on the fused silica substrate without this kind of pre-treatment (as-grown amorphous film in Fig. 5) . Annealing of the as-grown anatase film in the air at 900
• C resulted in an expected transformation of anatase phase to rutile (Fig. 5) . Also expectedly, annealing of the as-grown amorphous film resulted in its transformation into the anatase phase at a temperature of about 400
• C. An unexpected result was that annealing of the latter film, even at the temperature of 900 • C, for two hours did not cause its transformation into the rutile phase (Fig. 5) . Consequently, the initial structure strongly influenced the phase transformation at high temperature, probably through the concentration of impurities in the film. Earlier it was demonstrated that TiO 2 films grown in chloride-based ALD processes at low temperatures contained significant amounts of chlorine residues [21, 24] . Typical chlorine concentrations ranged from 0.2-0.5 at. % in the films grown at 100-150
• C [24, 34] .
According to EPMA data, similar chlorine concentrations were in the as-grown anatase and amorphous films deposited at 125 • C in this work. Moreover, comparable amounts of residual chlorine were recorded by EPMA in the film that was initially amorphous and then annealed at 900
• C. For comparison, no chlorine was found in the film that contained anatase in its as-grown stage and transformed to rutile phase during annealing at 900
• C. These differences were evidently related to lower structural homogeneity of the latter film. Indeed our earlier studies have shown that the amorphous film deposited at 125
• C was more homogeneous than the polycrystalline film grown at the same temperature [23] . It is reasonable to assume that the former film retained its higher homogeneity in the annealing process. Therefore the diffusion of chlorine to the outermost surface of this film was evidently slower when compared with the diffusion in the film, which was initially crystalline, and where the grain boundaries made the diffusion more favourable. Once remaining in the former film, the chlorine residues evidently hindered the phase transformation into the rutile phase. Thin films containing the brookite phase were deposited by PLD using rutile as a starting material. Fig. 6 demonstrates that the brookite structure [31] clearly dominates in the sample prepared by PLD at 300 • C and then annealed at 600 • C for one hour.
The same structure can be seen in the film deposited at 600 • C. The latter film is, however, thinner, and for this reason its Raman peaks are weaker than those recorded from the former film. Our results are in line with earlier data of Moret et al. [32] on the PLD of brookite-rich TiO 2 . The results of our work also demonstrate that small amounts of chromium oxide (up to 2.5 mass % in the starting material) that were used to modify the sensor properties of the film [36] seem to have no effect on the phase composition. In conclusion we have demonstrated that using ALD and PLD methods, TiO 2 thin films containing the anatase, rutile, or brookite phase can be deposited. Using the ALD method, anatase films, which have important applications in photocatalytic removal of pollutants, can be deposited in a relatively wide range of temperatures (125-425
• C). In pure films, the anatase phase was stable at annealing temperatures up to 750 • C. However, in films that contained chlorine residues and were amorphous in the as-grown stage, the anatase phase that was formed during annealing at 400
• C was stable at temperatures at least up to 900 • C. 
